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Internalization of antibodies by endothelial cells via fibronectin
implicating a novel mechanism in lupus nephritis.
Background. One of the crucial events in lupus nephritis is
the glomerular deposition of immunoglobulins (Igs), of which
pathogenic properties have been proposed mostly to be either
type IIor type III allergic reactions. Some of IgG3-producing
hybridoma clones established from an MRL/MpTn-gld/gld
(MRL/gld) lupus mouse generate wire loop-like lesions in glo-
meruli resembling lupus nephritis when injected into SCID
mice. These clones are useful for analyzing the mechanisms of
glomerular deposition of antibodies in lupus nephritis at the
monoclonal level.
Methods. Glomerular lesions of SCID mice injected with
the hybridoma clones, 17H8a or 1G3 as control were analyzed
by light and electron microscopy. Interaction of the antibodies
with human glomerular endothelial cells (HGECs) and human
umbilical vein endothelial cells (HUVECs) in vitro was studied
by fluorescence microscopy, electron microscopy, and flow cy-
tometry.
Results. Both antibodies did not show any antigen specificity
for mouse glomeruli. The glomerular lesions generated by
17H8a, but not by 1G3, contained electron-dense deposits not
only in subendothelial regions but also in the cytoplasm of
endothelial cells, suggesting internalization of the 17H8a anti-
bodies by endothelial cells. In cell culture studies, internaliza-
tion of only 17H8a antibodies by HGECs and HUVECs was
observed, but the antibodies did not have antigen specificity for
both types of endothelial cells. The internalization by HUVECs
was mediated by actin polymerization, and it was inhibited by
RGDS (Arg-Gly-Asp-Ser) tetrapeptide, antihuman fibronectin
and antihuman integrin 1 monoclonal antibodies.
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Conclusion. The interaction between particular antibodies
and endothelial cell surface integrins via fibronectin may be
involved in their subsequent internalization by endothelial cells
leading to antibody deposition in glomeruli. This may be one
of the mechanisms of glomerular injury in lupus nephritis.
An MRL strain of mice bearing either the Faslpr or Fasgld
gene spontaneously develops autoimmune diseases, which
include glomerulonephritis, systemic vasculitis, polyarthri-
tis, and sialoadenitis and which are associated with sero-
logic abnormalities such as elevated antidouble-stranded
DNA antibodies, immunoglobulin G (IgG) rheumatoid
factors and cryoglobulins [1, 2]. Glomerulonephritis in
these mice is manifested histopathologically by endocap-
illary proliferation, wire loop-like lesions and hyaline
thrombi [1, 2], all of which are characteristics of human
lupus nephritis [3]. The glomerular lesions in lupus ne-
phritis are thought to be initiated by the deposition of
antibodies in glomeruli. Many investigators have studied
the pathogenic properties of such nephritogenic antibod-
ies, especially their specificities for glomerular compo-
nents, to clarify the mechanisms of lupus nephritis, which
have been proposed to be mostly to be either type II or
type III allergic reactions [4].
Previously, we reported that the IgG3 subclass is re-
sponsible for the development of glomerular lesions in
MRL/Mp-lpr/lpr (MRL/lpr) mice [5]. We established IgG3-
producing hybridoma clones from spleen cells of an
MRL/lpr mouse and an MRL/MpTn-gld/gld (MRL/gld)
mouse, some of which generated glomerular lesions re-
sembling lupus nephritis when injected into normal or
SCID mice [6, 7]. Thus, these clones should be useful
for analyzing the histopathogenesis of glomerular lesions
in lupus nephritis at the monoclonal level.
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In recent studies of the glomeruli of SCID mice in-
jected with the 17H8a clone, one of the clones described
above, we found electron dense deposits in the glomeru-
lar endothelial cells as well as in the subendothelial re-
gions. We hypothesized that these lesions might be gen-
erated by internalization of these antibodies by glomerular
endothelial cells. Here, we will present evidence showing
that endothelial cells internalize these antibodies by a
mechanism associated with fibronectin binding.
METHODS
Mice
MRL/lpr mice were purchased from the Jackson Labo-
ratory (Bar Harbor, ME, USA). MRL/gld [2] and C.B-17/
Inc-scid/scid (SCID) mice were maintained in conditions
free of specific pathogens in the Integrated Center of
Sciences (INCS), Ehime University.
Preparation and characterization of antibodies
IgG3-producing hybridoma clones 17H8a and 1G3
were used in this study. They were originally established
from spleen cells of an MRL/gld mouse and an MRL/
lpr mouse, respectively [6, 7]. In brief, NS-1 myeloma
cells were fused with the spleen cells, and IgG3 producing
hybridoma clones were selected by screening the culture
supernatants of hybridoma cells with enzyme-linked im-
munosorbent assay (ELISA). Each clone was injected
intraperitoneally into SCID mice. “Nephritogenic” clones
were defined based on the presence of renal glomeruli
showing glomerulopathy associated with IgG3 deposi-
tion. The 17H8a clone caused glomerular lesions while
the 1G3 clone did not [6, 7].
The 17H8a and 1G3 clones were cultured in RPMI
1640 medium containing 3% fetal calf serum (FCS),
100,000 units/L penicillin, and 100 mg/L streptomycin.
The monoclonal antibodies were purified from culture
supernatant with HiTrap rProteinA (Amersham Biosci-
ences, Piscataway, NJ, USA). Fluorescein isothiocyanate
(FITC) (Sigma Chemical Co., St. Louis, MO, USA) was
conjugated to antibodies, horseradish peroxidase (HPR)
(Sigma Chemical Co.), and human fibronectin (Sigma
Chemical Co.) in sodium bicarbonate buffer (pH 9.2).
They were then vigorously dialyzed to remove unconju-
gated FITC.
For precipitation assays of these monoclonal antibod-
ies, purified 17H8a and 1G3 were adjusted to 0.5 mg/mL
and incubated in Dulbecco’s phosphate-buffered saline
(DPBS) for 1 hour at 37C or 4C. Then, the solutions
were centrifuged at 15,000 rpm for 10 minutes and the
optical densities at 280 nm (OD280) were measured. The
degrees of precipitation (%) were calculated as follows:
Precipitation (%)  (OD280 of total solution 
OD280 of supernatant)/OD280 of total solution  100
The isoelectric points of the antibodies were deter-
mined by isoelectric focusing.
Histologic analyses of glomeruli
The 17H8a or 1G3 clone (1  107 cells) was injected
intraperitoneally into 8- to 10-week-old female SCID
mice (N  10 for each clone), and 15 to 20 days later,
kidneys and other main organs were examined histopath-
ologically.
Kidney specimens were fixed with 10% formalin and
embedded in paraffin. They were stained with periodic
acid-Schiff (PAS) for histologic examination by light mi-
croscopy. For immunohistochemical studies of glomeruli
in SCID mice, frozen sections of kidneys were reacted
with 17H8a or 1G3 culture supernatant and then with
FITC antimouse IgG3 antibody (Binding Site, Birming-
ham, UK). Kidney specimens from SCID mice that had
been injected with the 17H8a clone were stained directly
with the same FITC-labeled antibodies.
Small pieces of renal cortices were fixed in 2.5% glutar-
aldehyde and postfixed for 1 hour at 4C in 2% osmium
tetroxide. After dehydration they were embedded in
Epon 812 (TAAB, Berks, UK). Ultrathin sections were
stained with uranyl acetate and lead nitrate and exam-
ined by electron microscopy.
Amounts of IgG3, albumin, and blood urea nitrogen
(BUN) in serum
To quantify IgG3 in sera of the SCID mice injected
with the 17H8a or 1G3 clone, single radial immunodiffu-
sion was performed, using mouse IgG subclass standards
(Miles Laboratories Inc., Naperville, IL, USA). Serum
levels of albumin and blood urea nitrogen (BUN) were
determined with a bromo-cresol green and urease indo-
phenol methods, respectively, using a Fuji Drichem 3500 V
(Fujifilm, Tokyo, Japan). The amounts of serum albumin
and BUN in untreated mice were 3.1 to 3.4 g/dL and 21
to 29 g/dL, respectively.
Culture of human glomerular endothelial cells
(HGECs) and human umbilical vein endothelial cells
(HUVECs) with antibodies
Human glomerular endothelial cells (HGECs) and
culture medium were purchased from Applied Cell Biol-
ogy Research Institute (Kirkland, WA, USA). Human
umbilical vein endothelial cells (HUVECs) and culture
medium were from Clonetics (Walkersville, MD, USA).
The cells were grown at 37C on gelatin (Sigma Chemical
Co.)-coated flasks (Costar, New York, NY, USA). When
the cells were semiconfluent, they were passaged after
trypsinization. At the third to sixth passage, the cells
were used for the following assays in serum-free RPMI
1640 medium.
Fluorescence microscopy. HGECs and HUVECs were
cultured with FITC-17H8a antibodies or FITC-1G3 anti-
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bodies (0.5 mg/mL each) in Lab Tek chamber slides
(Nunc, Naperville, IL, USA) for the indicated times, and
then were washed and fixed with 2% paraformaldehyde
for 10 minutes. After staining with propidium iodide,
they were observed under a fluorescence microscope.
To stain actin filaments, the cells were fixed with 10%
formalin at room temperature for 10 minutes, with ace-
tone at –20C for 5 minutes, and then stained with
TRITC-phalloidin (Sigma Chemical Co.).
In some experiments, both types of endothelial cells
were reacted at 4C for 30 minutes with the culture super-
natant of the 17H8a or 1G3 clone in the presence of
0.02% sodium azide and fixed with 2% paraformalde-
hyde for 10 minutes. Then, the binding of these anti-
bodies to the cell surface was examined by reacting with
FITC-conjugated rabbit antimouse IgG antibodies (Sigma
Chemical Co.).
Electron microscopy. HUVECs cultured with 17H8a
(0.5 mg/mL) antibodies in 24-well tissue culture plates
(Costar), were fixed with 1.25% glutaraldehyde and 1%
paraformaldehyde, and postfixed with 2% osmium te-
troxide. After dehydration, the cell layer was embedded
in Epon 812 on the culture plate. Ultrathin sections were
stained with uranyl acetate and lead nitrate and exam-
ined in an electron microscope.
ELISA for quantitative analysis of internalized anti-
bodies. HUVECs were cultured for 30 or 60 minutes
with 0.5 mg/mL of purified 17H8a or 1G3 antibodies.
After trypsinization and washing, 5  104 cells/mL were
solubilized in DPBS/0.2% Tween/0.5% Triton X, and
the extracts were incubated in 96-well ELISA plates
precoated with rabbit antimouse IgG antibodies (Cap-
pel, Aurora, OH, USA). The plates were washed and
reacted with ALP-conjugated rabbit antimouse IgG anti-
bodies (Sigma Chemical Co.). The amounts of IgG in
cell extracts were calculated using a standard curve.
Flow cytometry. After HGECs and HUVECs were
cultured with FITC-17H8a antibodies or FITC-HRP in
the concentrations and for the times indicated, the cells
were trypsinized to remove the antibodies on the cell sur-
faces and analyzed with a FACSCalibar (Becton Dick-
inson, Sparks, MD, USA) to measure the antibodies
internalized by HGECs and HUVECs. The data were
analyzed with CELLQuest soft ware (Becton Dickinson).
In some experiments, HGECs and HUVECs were
cultured with FITC-17H8a (0.5 mg/mL) for 4 or 6 hours
in the presence or absence of the following reagents:
cytochalasin B (ICN, Irvine, CA, USA), Arg-Gly-Asp-Ser
(RGDS) (Sigma Chemical Co.), Arg-Gly-Glu-Ser (RGES)
(Sigma Chemical Co.), mouse IgG1 antihuman fibronec-
tin monoclonal antibody, clone MAB1934 (Chemi-
con International, Temecula, CA, USA), mouse IgG1
antihuman integrin 1 monoclonal antibody clone 4B4
(Beckman Coulter, Fullerton, CA, USA) and mouse IgG1
anti-TNP monoclonal antibody clone H-5 as isotype-
matched control.
To study the association of 17H8a antibodies with fibro-
nectin, self-aggregated 17H8a antibodies (0.5 mg/mL)
and FITC-fibronectin with or without unlabeled fibronec-
tin were incubated at 37C for 30 minutes with HUVECs
in the RPMI 1640 medium. Aggregates that bound FITC-
fibronectin were analyzed by flow cytometry.
Statistical analysis
Statistical analysis was performed using Welch’s t test,
with a probability of less than 0.05 being considered
significant.
RESULTS
Glomerular lesions in SCID mice injected with the
17H8a clone
SCID mice injected with the 17H8a clone showed glo-
merular lesions, characteristic of eosinophilic thickening
of capillary wall associated with subendothelial deposi-
tion of the antibodies (wire loop-like lesion) and intra-
luminal hyaline thrombi (Fig. 1B). While, as reported
previously, there were no significant lesions in glomeruli
when the 1G3 clone was injected [6]. The lesions gener-
ated by the 17H8a clone resembled those in an MRL/
gld mouse (Fig. 1A). In these mice, electron microscopy
clearly showed electron dense deposits in the subendo-
thelial regions and in the cytoplasm of endothelial cells
in glomeruli (Fig. 1 D and F). These findings were similar
to those in MRL/gld and MRL/lpr mice (Fig. 1 C and E).
The mice injected with the 1G3 clone showed only slight
deposits in the cytoplasm of glomerular endothelial cells,
but not in the subendothelial and subepithelial regions
(data not shown). Immunohistochemical studies revealed
that 17H8a antibodies did not react with any glomerular
components or other tissues in untreated SCID mice
(data not shown). Thus, the physicochemical features
of 17H8a antibodies other than their antigen specificity
seemed to cause glomerular lesions in SCID mice.
The glomerular lesions in the mice injected with the
17H8a clone were not transient and mice died from renal
insufficiency. As shown in Figure 2, serum levels of BUN
were remarkably high in the mice injected with the
17H8a clone, but not in those with the 1G3 clone, al-
though amounts of IgG3 in serum were significantly
higher in the latter. This may correspond to the develop-
ment of hyaline thrombi in glomeruli that is followed by
the decrease in glomerular filtration rate. However, there
was no remarkable difference in hypoalbuminemia be-
tween the mice injected with the 17H8a clone and those
with the 1G3 clone. Hypoalbuminemia in both cases may
be a result of cachexia due to hybridoma growth, but
not to nephrosis.
In precipitation assays of purified 17H8a and 1G3 anti-
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Fig. 1. Representative histopathologic fea-
tures of glomerular lesions in MRL/gld, MRL/
lpr, and SCID mice. (A) A glomerular lesion
in a 20-week-old female MRL/gld mouse [pe-
riodic acid-Schiff (PAS) staining]. Wire loop-
like lesions associated with eosinophilic thick-
ening of capillary walls (↑) and hyaline thrombi
showing intracapillary obstruction with eosin-
ophilic materials (↑↑) are observed, as in MRL/
lpr mice. (B) A glomerular lesion in a SCID
mouse induced by the 17H8a clone 2 weeks
after the intraperitoneal injection (PAS stain-
ing). Wire loop-like lesions (↑) and hyaline
thrombi (↑↑) similar to those in MRL/gld mice
are present. (C ) Electron micrograph of glo-
merular lesions in a 20-week-old female MRL/
gld mouse [E is glomerular endothelial cell
and P is infiltrating polymorphonuclear cell].
Subendothelial deposits (*) and intraendo-
thelial electron dense materials (↑) are present;
similar dense deposits in inflammatory cells
(↑↑) are observed, suggesting phagocytized ma-
terials. Scale bar represents 1 m. (D) Elec-
tron micrograph of an early glomerular lesion
in a SCID mouse induced by the 17H8a clone,
showing electron dense deposits in the endo-
thelial cytoplasm (*), not associated with sub-
endothelial deposits. Scale bar represents 1m.
(E ) Electron micrograph of a 20-week-old fe-
male MRL/lpr mouse. Subendothelial depos-
its (*) and intraendothelial electron-dense ma-
terials (↑) are present. Cell membrane extension
(↑↑) of glomerular endothelium engulfing intra-
capillary electron-dense bodies is also found.
Scale bar represents 1 m. (F ) A SCID mouse
induced by the 17H8a clone. Subendothelial
deposits (*) and prominent intraendothelial
electron-dense materials (↑) are present. Scale
bar represents 1 m.
bodies, 17H8a showed higher precipitation than 1G3 at
both 37C and 4C (37C, 47.4%  1.80% vs. 25.6 
8.01%; 4C, 80.7%  2.21% vs. 39.7%  6.18%, p 
0.05). The isoelectric point of 1G3 antibodies was 8.3
(cationic) while that of 17H8a antibodies was 7.3 (neutral).
Internalization of 17H8a antibodies by HGECs
and HUVECs
When HGECs and HUVECs were cultured with FITC-
17H8a antibodies, internalization of the antibodies by
both types of endothelial cells was observed (Fig. 3 A
and B), although 17H8a antibodies by themselves did
not bind to the cell surface of both types of endothelial
cells (see Methods section). The internalization became
significant at least until 15 minutes after cultivation under
a fluorescence microscopy. By electron microscopy elec-
tron dense deposits, similar to those seen in glomeruli
of SCID mice injected with the 17H8a clone (Fig. 1 D
and F), were observed in the cytoplasm (Fig. 3C). Cell
surface membrane extensions of HUVECs, pseudopods,
not marginal folds, were prominent and were engulfing
aggregated antibodies. Phalloidin staining, which reveals
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Fig. 2. Relationship between amounts of IgG3
and albumin (A) or blood urea nitrogen (BUN)
(B) in serum. Dotted lines show the normal
range of values. In the case of 1G3, amounts
of BUN were within the normal range even
when there were high levels of IgG3 in serum.
There was no significant difference in the
amounts of albumin in serum between both
of the cases, showing hypoalbuminemia.
Fig. 3. Representative pictures of the inter-
nalization of 17H8a antibodies by human glo-
merular endothelial cells (HGECs) and hu-
man umbilical vein endothelial cells (HUVECs).
Fluorescence micrograph (6-hour cultivation)
show internalized antibodies have a granular
distribution pattern in the cytoplasm of
HGECs (A) and HUVECs (B). Red, propid-
ium iodide; green, fluorescein isothiocyanate
(FITC)-17H8a antibodies. Electron micro-
graph of HUVECs (1-hour cultivation) shows
intracytoplasmic electron dense materials (*)
and cell membrane extensions (↑) engulfing
particles of aggregated antibodies in an apical
side (**) (C ). Scale bar represents 2 m. Fluo-
rescence micrographs of polymerized actin of
HUVECs (20-minute cultivation) show poly-
merized actin fibers encircling 17H8a particles
(↑) (D). Red, TRITC-phalloidin; green, FITC-
17H8a antibodies. Each experiment was re-
peated three times for (A) and (B), and twice
for (C) and (D), with similar results.
the distribution of polymerized actin fibers, showed the
micronodular structures in the cytoplasm, indicating cir-
cular polymerized actin fibers, and some of the internal-
ized antibodies were encircled by polymerized actin fi-
bers (Fig. 3D).
In quantitative analyses of internalized antibodies in
HUVECs, 17H8a antibodies were found to be internal-
ized significantly more than 1G3 antibodies (Fig. 4A).
Flow cytometric analyses showed that internalization
was both dose- and time-dependent (Fig. 4B and C).
However, internalization of 17H8a antibodies was inhib-
ited dramatically by the actin polymerization blocker
cytochalasin B (Fig. 4D) and by low temperature (Fig.
4E). Internalization of HRP by HUVECs was not inhib-
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Fig. 4. Quantitative analyses of internalization of antibodies by human umbilical vein endothelial cells (HUVECs). (A) Quantification of internalized
antibodies by enzyme-linked immunosorbent assay (ELISA). After culturing with 17H8a or 1G3 antibodies, the amounts of antibodies internalized
by HUVECs were measured by ELISA. 17H8a were internalized significantly more than 1G3 antibodies (*; P  0.05). (B to F ) Flow cytometry
to measure 17H8a antibodies or horsreradish peroxidase (HRP) internalized by HUVECs cultured with fluorescein isothiocyanate (FITC)-17H8a
antibodies or FITC-HRP. (B) HUVECs were cultured with FITC-17H8a antibodies (0.125 mg/mL, 0.25 mg/mL, or 0.5 mg/mL) for 4 hours, during
which they internalized in a concentration-dependent manner. (C) Kinetics of the internalization of 17H8a antibodies. HUVECs were cultured
with FITC-17H8a antibodies (0.5 mg/mL) for 40 minutes and 2 and 4 hours. 17H8a antibodies were internalized in a time-dependent manner. (D)
Inhibitory effect of cytochalasin B on the internalization of 17H8a antibodies. HUVECs were cultured with FITC-17H8a antibodies for 6 hours
with or without cytochalasin B (1.0 g/mL). 17H8a internalization was inhibited significantly by cytochalasin B. (E) Temperature dependence of
internalization of 17H8a antibodies. HUVECs were cultured with FITC-17H8a antibodies (0.5 mg/mL) for 4 hours at 4C or 37C. HUVECs
internalized the antibodies much less at 4C than at 37C. (F) Lack of inhibition of the internalization of HRP by cytochalasin B. HUVECs were
cultured for 6 hours at 4C or 37C with FITC-HRP (2.0 mg/mL) with or without cytochalasin B (1.0 g/mL). Cytochalasin B did not inhibit the
internalization of HRP, which was inhibited at 4C. Each analysis was performed at least twice with similar results.
ited by cytochalasin B in the same culture conditions
(Fig. 4F). These findings indicate that the internalization
of 17H8a antibodies by HUVECs is actin-dependent.
Mechanisms of the internalization
It is known that vascular endothelial cells internalize
Staphylococcus aureus through integrin receptors in as-
sociation with fibronectin [8–11] and that aggregated an-
tibodies such as cryoglobulins bind fibronectin [12–14].
Therefore, we hypothesized that an interaction between
17H8a antibodies and integrins on endothelial cells via
fibronectin is involved in the process of internalization.
In the presence of soluble RGDS (Arg-Gly-Asp-Ser)
peptide, the internalization of 17H8a antibodies by
HUVECs was inhibited significantly in a dose-dependent
manner (Fig. 5A). Similar results were obtained with
HGECs. However, RGDS did not inhibit the internaliza-
tion of FITC-HRP at a concentration of at least 1.0
mmol/L (data not shown). Human fibronectin binds to
integrins via its three binding motifs; RGDS, LDV (Leu-
Asp-Val), and REDV (Arg-Glu-Asp-Val), and RGDS
peptide blocks the binding via all three motifs while
RGES peptide blocks the binding only via the latter two
[15–18]. Antihuman fibronectin monoclonal antibody
MAB1934 binds on or near the RGDS motif of fibronec-
tin and blocks the interaction between fibronectin and
integrins via the RGDS motif [19, 20]. Thus, we exam-
ined the effects of these reagents on the internalization
of 17H8a antibodies by HUVECs. The combination of
MAB1934 and RGES peptide inhibited the internaliza-
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Fig. 5. Inhibition of the internalization by blocking the binding of fibronectin to integrin. (A) Blocking effect of Arg-Gly-Asp-Ser (RGDS) on
the internalization of 17H8a antibody. Human umbilical vein endothelial cells (HUVECs) were cultured with fluorescein isothiocyanate (FITC)-
17H8a antibody for 4 hours with or without RGDS tetrapeptide (0.1 mmol/L or 1.0 mmol/L). RGDS blocked the internalization of 17H8a antibodies
by HUVECs in a dose-dependent manner. (B) Blocking effect of antifibronectin antibodies and/or Arg-Gly-Glu-Ser (RGES) on the internalization
of 17H8a antibodies. HUVECs were cultured with FITC-17H8a antibodies for 6 hours with or without RGDS (1.0 mmol/L), RGES (1.0 mM),
antihuman fibronectin monoclonal antibody (MAB1934, 50 g/mL), and anti-TNP monoclonal antibody (isotype-matched control, 50 g/mL).
The combination of MAB1934 and RGES blocked the internalization of the antibodies as much as RGDS. (C ) Blocking effect of anti-integrin
1 antibody on the internalization of 17H8a antibodies. HUVECs were cultured with FITC-17H8a antibodies for 4 hours with or without antihuman
integrin 1 monoclonal antibody (4B4, 50 g/mL). 4B4 antibodies slightly blocked the internalization. (D) Binding of self-aggregated 17H8a
antibodies to human fibronectin. After incubating 17H8a antibodies with FITC-fibronectin (Fbn) (50 g/mL) in the presence or absence of FITC-
free fibronectin (free-Fbn) (250 g/mL), the binding of 17H8a aggregates to fibronectin was examined. 17H8a aggregates bound FITC-fibronectin,
and this was inhibited by unlabeled fibronectin. The results in each group are representative of three experiments.
tion as much as RGDS peptide, whereas each of them
alone inhibited it to a lesser extent (Fig. 5B). The anti-
human integrin 1 monoclonal antibody 4B4 inhibited
the internalization slightly (Fig. 5C). In addition, flow
cytometry confirmed that self-aggregated 17H8a anti-
bodies by themselves can bind fibronectin (Fig. 5D).
DISCUSSION
In most current models of lupus nephritis, the mecha-
nisms of development of glomerular lesions involve the
interaction between antibodies or immune complexes
and glomerular basement membrane [4]. However, there
is no consensus about how antibodies from the circula-
tion are trapped by glomeruli. Some IgG3 antibodies
from diseased MRL/lpr or MRL/gld mice caused glo-
merular lesions resembling those in lupus nephritis at
a monoclonal level, designated “nephritogenic” clones
[6, 7]. Based on our observation of the intraendothelial
deposition of electron dense materials in the glomerular
lesions induced by the 17H8a clone (Fig. 1 C to F), we
demonstrated that both HGECs and HUVECs internal-
ize the nephritogenic antibodies in vitro. This may be
one of the critical events involved in the development
of glomerular injury in lupus nephritis.
Endothelial cells internalize S. aureus bridged by fibro-
nectin [8–11], and cryoglobulins have the potential to
associate with fibronectin [12–14]. Fibronectin is a serum
component present at 0.3 mg/mL. It is a large molecule
containing multiple binding motifs and it functions as an
opsonin [21–23]. Human fibronectin binds integrins via
its three binding domains (RGDS, LDV, and REDV)
[15–18]. In this study, we demonstrated that tetrapep-
tides such as RGDS and RGES, antihuman fibronectin
monoclonal antibody, and also antihuman integrin 1
monoclonal antibody inhibited the internalization of
17H8a antibodies by HUVECs to varying degrees (Fig.
5). A summary of the mechanism of the internalization
is presented schematically in Figure 6. Self-aggregated
antibodies are internalized by endothelial cells via inter-
action with integrins bridged by fibronectin to induce
actin polymerization (Fig. 6). Fibronectin is secreted by
endothelial cells [24] and is bound to the cell surface
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Fig. 6. Schema of the mechanism of the internalization of self-aggre-
gated antibodies by endothelial cells. Self-aggregated antibodies react
with fibronectin (Fbn) causing clustering of integrins on the endothelial
cell surface, which induces the transduction of a signal leading to actin
polymerization. Then, pseudopods extend to engulf the aggregates re-
sulting in their internalization.
[25]. Thus, 17H8a antibodies could be associated with
fibronectin secreted into the culture media by HUVECs
and/or bound on HUVECs during culturing, even when
they were cultured in serum-free medium.
In renal biopsies from some cases of the patients with
lupus nephritis type IV, we found electron-dense mate-
rials in the cytoplasm of glomerular endothelial cells that
were similar to those in MRL/gld and MRL/lpr mice.
However, we found that aggregated IgG from the sera of
MRL/lpr mice and from some patients with active lupus
nephritis was internalized by HUVECs. This internaliza-
tion was also inhibited by RGDS tetrapeptide. These
findings indicate that there may be a common mechanism
for glomerular injury in MRL/lpr mice and lupus nephri-
tis patients that is based on the fibronectin-mediated IgG
internalization by endothelial cells.
In general, murine IgG3 self-aggregates [26], which
may provide two advantages for its internalization by
endothelial cells. First, aggregations of IgG molecules in-
crease their affinity to fibronectin [27]. Second, the poly-
valency of the aggregated antibodies and fibronectin
complexes can generate significant clustering of integ-
rins, leading to actin polymerization [28]. These may
function in the removal of aggregated IgG from the circu-
lation by the reticuloendothelial system. From a patho-
logic point of view, we propose that the association of
self-aggregated antibodies such as 17H8a with fibronec-
tin initiates their internalization by endothelial cells, fol-
lowed by the deposition of the antibodies in glomerular
capillary wall. The 1G3 clone, one of the IgG3 produc-
ing hybridomas obtained from an MRL/lpr mouse [5],
does not induce glomerular lesions when injected into
normal mice, although the isoelectric point of 1G3 anti-
bodies is 8.3. These antibodies showed less self-aggrega-
tion in a precipitation assay and were internalized less
by HUVECs (Fig. 3A) than 17H8a antibodies. Thus, un-
less they are aggregated, antibodies may not acquire the
two properties described above. Previous reports [5, 6,
29] suggested that the nephritogenicity of IgG3 antibod-
ies depends on their physicochemical properties rather
than on their antigen specificity. We think that self-
aggregatability of antibodies is one of the critical proper-
ties for them to induce glomerular injury via internaliza-
tion by glomerular endothelial cells. This concept may
explain why cryoglobulinemic activity is associated with
active lupus nephritis [30] and why some, but not all,
circulating immune complexes are trapped by glomeruli.
However, considering our recent findings that “heat”-
aggregated normal human IgG were not integrated by
HUVECs, even in the presence of fibronectin, the spe-
cific three-dimensional structure of fibronectin com-
plexes formed by binding with “self”-aggregated IgG
may be required for internalization by endothelial cells.
It is also interesting that endothelial cells in the glo-
meruli specifically recognize 17H8a antibodies. Glomer-
ular filtration may concentrate plasma thereby increasing
the chance of self-aggregation of particular antibodies.
This may initiate the process of internalization by glo-
merular endothelial cells in a manner similar to that
proposed by Simionescu and Simionescu [31] in which
polycationic aggregated IgG are cleared from the circula-
tion by endothelial cells. This may be the reason why
17H8a antibodies generate lesions first in glomeruli, but
not in other organs, although integrins are expressed
constitutively on systemic vessel endothelial cells.
Electron-dense deposits in glomerular endothelial cells
of SCID mice injected with the 17H8a clone seemed to
accumulate in the subendothelial region after internal-
ization (Fig. 1 D and F). This process might be via trans-
cytosis of internalized antibodies by glomerular endothe-
lial cells or by passing through intercellular junctions.
The former supports the previous hypothesis that inter-
nalization and transcytosis of antibody molecules by glo-
merular endothelial cells may be involved in the forma-
tion of subendothelial deposits in lupus nephritis [32, 33].
CONCLUSION
We clarified the nephritogenic mechanism of IgG3
monoclonal antibodies obtained from an MRL/gld mouse.
The antibodies are internalized by endothelial cells via
bridging with fibronectin and this is followed by their
deposition in glomeruli. This may be a novel effector
function of particular antibodies generated in systemic
lupus erythematosus for developing glomerulopathy.
ACKNOWLEDGMENTS
This study was supported by Grant-in Aid for Scientific Research
Funds of the Ministry of Education, Science and Culture of Japan
(#08457068 and #11307003) and the Scientist Exchange Program be-
tween the Japan Society for the Promotion of Science and the Royal
Society. The authors are indebted to Dr. Teruo Watanabe, Dr. Naoto
Fujii et al: Internalization of antibodies by endothelial cells via fibronectin1670
Kobayashi, and Dr. John Bradley for critical discussions and Mr. Alan
Brownlee, Ms. Jenny Savidge, and Ms. Yumiko Takei for technical help.
We also thank Dr. Herbert M. Schulman for reviewing the manuscript.
Reprint requests to Masato Nose, M.D., Ph.D., Department of Pathol-
ogy, Ehime University School of Medicine, Shigenobu-cho, Ehime 791-
0295, Japan.
E-mail: masanose@m.ehime-u.ac.jp
REFERENCES
1. Theofilopoulos AN, Dixon FJ: Murine models of systemic lupus
erythematosus. Adv Immunol 37:269–390, 1985
2. Ito MR, Terasaki S, Itoh J, et al: Rheumatic diseases in an MRL
strain of mice with a deficit in the functional Fas ligand. Arthritis
Rheum 40:1054–1063, 1997
3. Churg J, Bernstein J, Glassock RJ: Lupus nephritis, in Renal
Disease: Classification and Atlas of Glomerular Disease, Tokyo
Igaku-shoin, 1995, pp 151–177
4. Foster MH: Nephritogenic properties of lupus autoantibodies, in
Lupus Nephritis, edited by Lewis EJ, Oxford, Oxford University
Press, 1999, pp 22–78
5. Takahashi S, Nose M, Sasaki J, et al: IgG3 production in MRL/lpr
mice is responsible for development of lupus nephritis. J Immunol
147:515–519, 1991
6. Itoh J, Nose M, Takahashi S, et al: Induction of different types
of glomerulonephritis by monoclonal antibodies derived from an
MRL/lpr lupus mouse. Am J Pathol 143:1436–1443, 1993
7. Nose M, Ito MR, Ono M, et al: Vascular lesions in mice with a
deficit in Fas-mediated apoptosis and their transfer. Int J Cardiol
54:S35–S44, 1996
8. Vercellotti GM, Lussenhop D, Peterson PK, et al: Bacterial
adherence to fibronectin and endothelial cells: A possible mecha-
nism for bacterial tissue tropism. J Lab Clin Med 103:34–43, 1984
9. Hamill RJ, Vann JM, Proctor RA, et al: Phagocytosis of Staphylo-
coccus aureus by cultured bovine aortic endothelial cells: Model
for postadherence events in endovascular infections. Infect Immun
54:833–836, 1986
10. Sinha B, Francois PP, Nusse O, et al: Fibronectin-binding protein
acts as Staphylococcus aureus invasin via fibronectin bridging to
integrin alpha5beta1. Cell Microbiol 1:101–117, 1999
11. Lowy FD: Is Staphylococcus aureus an intracellular pathogen?
Trends Microbiol 8:341–343, 2000
12. Anderson B, Rucker M, Entwistle R, et al: Plasma fibronectin
is a component of cryoglobulins from patients with connective
tissue and other diseases. Ann Rheum Dis 40:50–54, 1981
13. Levo Y: Presence of fibronectin in cold precipitates of patients
with cryoimmunoglobulinemia. Int Arch Allergy Appl Immunol 68:
179–181, 1982
14. Villar M, Garcia-Bragado F, Joven J, et al: Cryoglobulinemia
and fibronectin. Acta Haematol 74:161–163, 1985
15. Pierschbacher MD, Ruoslahti E: Cell attachment activity of fi-
bronectin can be duplicated by small synthetic fragments of the
molecule. Nature 309:30–33, 1984
16. Humphries MJ, Akiyama SK, Komoriya A, et al: Identification
of an alternatively spliced site in human plasma fibronectin that
mediates cell type-specific adhesion. J Cell Biol 103:2637–2647, 1986
17. Mould AP, Komoriya A, Yamada KM, Humphries MJ: The CS5
peptide is a second site in the IIICS region of fibronectin recognized
by the integrin alpha 4 beta 1. Inhibition of alpha 4 beta 1 function
by RGD peptide homologues. J Biol Chem 266:3579–3585, 1986
18. Komoriya A, Green LJ, Mervic M, et al: The minimal essential
sequence for a major cell type-specific adhesion site (CS1) within
the alternatively spliced type III connecting segment domain of
fibronectin is leucine-aspartic acid-valine. J Biol Chem 266:15075–
15079, 1991
19. McDonald JA, Quade BJ, Broekelmann TJ, et al: Fibronectin’s
cell-adhesive domain and an amino-terminal matrix assembly do-
main participate in its assembly into fibroblast pericellular matrix.
J Biol Chem 262:2957–2967, 1987
20. Sanchez-Aparicio P, Dominguez-Jimenez C, Garcia-Pardo A:
Activation of the alpha 4 beta 1 integrin through the beta 1 subunit
induces recognition of the RGDS sequence in fibronectin. J Cell
Biol 126:271–279, 1994
21. Hormann H: Fibronectin—Mediator between cells and connective
tissue. Klin Wochenschr 60:1265–1277, 1982
22. Gudewicz PW, Molnar J, Lai MZ, et al: Fibronectin-mediated
uptake of gelatin-coated latex particles by peritoneal macrophages.
J Cell Biol 87:427–433, 1980
23. Pommier CG, Inada S, Fries LF, et al: Plasma fibronectin enhances
phagocytosis of opsonized particles by human peripheral blood
monocytes. J Exp Med 157:1844–1854, 1983
24. Jaffe EA, Mosher DF: Synthesis of fibronectin by cultured human
endothelial cells. J Exp Med 147:1779–1791, 1978
25. Clark RA, Folkvord JM, Nielsen LD: Either exogenous or en-
dogenous fibronectin can promote adherence of human endothelial
cells. J Cell Sci 82:263–280, 1986
26. Abdelmoula M, Spertini F, Shibata T, et al: IgG3 is the major
source of cryoglobulins in mice. J Immunol 143:526–532, 1989
27. Salvarrey M, Rostagno A: Affinity of fibronectin for polyclonal
IgG. Clin Exp Immunol 76:92–96, 1989
28. Miyamoto S, Akiyama SK, Yamada KM: Synergistic roles for
receptor occupancy and aggregation in integrin transmembrane
function. Science 267:883–885, 1995
29. Pastore Y, Lajaunias F, Kuroki A, et al: An experimental model
of cryoglobulin-associated vasculitis in mice. Springer Semin Immu-
nopathol 23:315–329, 2001
30. Howard TW, Iannini MJ, Burge JJ, et al: Rheumatoid factor,
cryoglobulinemia, anti-DNA, and renal disease in patients with
systemic lupus erythematosus. J Rheumatol 18:826–830, 1990
31. Simionescu M, Simionescu N: Endothelial transport of macromole-
cules: Transcytosis and endocytosis. A look from cell biology. Cell
Biol Rev 25:5–78, 1991
32. Browne JT, Hutt MP, Reger JF, et al: Localization of “fibrinoid”
deposit in lupus nephritis: An electron microscopic demonstration
of glomerular endothelial cell phagocytosis. Arthritis Rheum 6:599–
614, 1963
33. Katz SM, Schwartz AB, Brezin J: Glomerular endothelial endo-
cytosis of subendothelial electron dense deposits. Hum Pathol 11:
658–666, 1980
